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Safaty and £nvironmental Aspects of fusion Reactors'
John P. Holdren
Lawrence Livermore Laboratory
and
University of Caiifornia, Berkelcy

Abstract

Fusion is examined against the yardstick of fission technolagy
with respect to inventories of radiocactivity {and associated Biological
Hazard Potentials), routine emissions, accident pathways and conseouences,
radigactive-waste management, and misuse of nuclear materials. 3ased on
conceptual designs of Tokamak fusion reactors with stainless steel
structure and tritium inventories of 10 ko per thermal gigawatt, the
apparent advantage of fusion i5 1 to 2 orders of magnitude in most yndices
of radinlogical hazards., Fusion's advantage is 2 to 5 orders of magnitude
in comparing damage potentiai of intentional rirborre dispersal of tritium
and plutonium, but nonexistent in comparing medium-term radwaste hazard
potential (1000 to 100,000 years) and intenticnal waterborne cispersal of
tritium and plutonium. Fusfen appears to have some qualitative advantages
with respect to actident pathways and safaguards considerations. Fusion
has the theoretfcal patential for tmprovements of ! to 2 ad¢itional orders
of magnitude in short-term BHPs and 3 orders of magnitude and more in
radwaste BHPs after 10 years if vanadium-titanium alloy can be used in
place of stainless steel in the reactor structure. Other important
unresolved questions are how much the fnventory of tritium can be reduced
by tngenious design, and what fraction of a fusion reactor's activation
products could be volatilized and released in a severe accident such as
a lithium fire. Overall, fusion's potenttal advantages are appreciable
but not automatic--it will require early and sustained attention to
environmental characteristics to avoid losing some of the potential
acvantages in pursuit of other yoals.

.uurk performed in part under the auspices of the_b.s. .Energy Research and
vevelopment Administration under Contract No. W-7405-Eng-41.
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Introduction

The traditional rationale for developing fusion ¢s an energy source has
been that it will be inexhaustible, cheap, clean, and safe. On any interest-
ing time scale. however, sunlight and fission breeder reactors are also “in-
exhaustible" enerqy sources. [lurthermore, the high corstruction costs of
fusion reactors probably will more than offset the cheapness of the fuel: it
now seems unlikely that fusion wil) be cheaper than fission and it may not be
chezper than solar. Thus the case for fusion rests. more stronqly than is
commonly supposed, upon whether it enjoys real advantages over competing
energy sources with respect to environment and safety. This paper examines
fuston’s environmental and safety characteristics against the more familiar
yardstick of those of fission (1). Fusion's early stage of technalogical
development makes such an evaluation difficult, but the attempt is worthwhile
becavse there is stil) time to steer fusion-reactor design in the direction
of minimizing potential hazards that are uncovered

Environmental and safety characteristics of canceptual fusion-reactor

designs have been surveyed in a number of earlier reviews (for example, 2-7).

Both fusion technology and environmental assessment are rapid! g fields.
however, which makes freguent re-examination af th. e of 1urmation on
environmental aspects of wnile. Thiy review has tenefited from

better informatien on neutron activation in fusinn-reactor blankets than was

availaple earlier, from estimates of tritium inventories that are probably



wore realistic tnan earlier values, from the general continuing increase in
reaiism and saphisticatiaon evident in conceptual fusion-reactor designs under
development around the world, and from recent work in fissien-reactor safety
analysis {such as the Reactor Safety Study of the U.S. Nuclear Regulatory
Commission}.

Environmental effects, broadly defined, originate in many stages of the
fuel cycles of modern energy supply (for example, exploration, extraction.
processing, transportation, conversion, and end use}; they take many forms
(for example, routine effiuents, accidents. other environmental transformations,
resource consumption, and sacial disruptions); and the damages are felt by a
variety of kinds of ~“fctims in & variety of ways {(for examnle, cccumatinmal
death. 3nd disease, direct health damage to members of the public now alive
and in future generations, damage to economic goods and services Such as build.
ings dnd tourism, damage to onvironmentai goods aand services such as climate
regulation and nutrient cycling, and generation of aggravations and tensions
within and between natians) {8). [ will confire my attention here, however, to
a narrower subset of environmental tssues - namely. those issues that are generic
to auclear energy sources and that are the subject of close srrutiny and often
contreversy today in the case of nuclear fission power. These are: (a) occupa-
tional and public radfation exposure as a consequence aof the routing operatfon
of nuclear fuel cycles (excluding storage ar disposal of long-lived redinactive
wastes}; {b) nonroutine releases of radicactivity from reactors or other fuel-
cycle facilities owing to accidents or sabotage (but again excluding long-term
waste management}, {c} the problem of the lang-lived radioactive wastes; and
(d} the use aof nuclear matertals praduced in commercial facilities for weapons,
by nations or subnational groups. {The numbering is not mesnt to imply an order

of importance). Information on some uf the environmental issues [ wil. not



consider here - such as land disturbance in fuzl extraction, thermal discharges,
and demands on nonfuel minerals - is avajlable in several earlier reviews {e.9.,
2, 6,9).

The present review s based mafnly on the D-T fusion fun) cycle using
magnetic confinement. Some but not ail of the results are specific to Tokamaks,
on which the most extensive conceptual-design literature happens to be available.

A few comments about advanced fusion fuel cycles are made at the end.

Radioactive Inventories and Hazard Potentials

The first step in evaluating hazards from either routine or nonroutine
releases of radisactivity iy to determine how much and what kinds of radicactivity
the system in guestion contains. Table 1 compares the inventories in megacuries
per gigawatt-electric (GWe} of capacity in Liquid Metal Fast Breeder Reictors
(LMFER) and in two conceptual Contrclled Thermoncclear Reactors {CTk). All the
reactors are assumed to have a thermal-to-electric conversion efficiency of
40 percent, so ! GWe corresponds to 2.5 gigawatts-thermal {GWt). The CTRs are
liquid-1ithium conled Tokamaks identical except for the structural materials
exposed to neutrons: one uses 316 stainless steel (31655); the other uses an
allay of 847 (atomic) vanadium and 163 titanium (V-Ti}. The specific CIR design
is the University of Wisconsin Tokamak UWMAK-1 (10). The LMFBR is a scalr-up of
tne ferman-Belgian-Dutch SHR-300 (t1).

The major components of the (TR tritium inventory are {a) the tritium
injection, collectron, and purification systems {3 kg T per GWt): {(b) the breed-
ing medium and separation unft {1 ¥g/GWt}; and (¢} storaye and emcrdency 1aventory
{5 ky/GWr), for a total of 10 kg or 100 megacuries per GWt. This 15 o somewhat
larger fiqure than tnese Orted 16 moOsT eariter worhi 1t urises from assuming

5. burn-up of T per pass through tne plasma, ¢ nold-uo time of 1 day in the



tritium circuit, and & reserve of 2 days’ supply of T to heep the reactor
ruantng during repairs on the fuel handling system. Abaut '4 percent of the
inftial activation in the 316 55 CTR blanket {2 year operation at 1.25 W/m7
neutron wail Yoading) i in five fsotopes: 77.8 day Cr-51 {050 MUY}, 103 day
Mn-54 {134 MCi), 2.58 nour Ma-56 {BAD MCi), 2.6 year fe-9% {44 MLa), ang
71.3 day Co-5B (225 MCi). The intt‘al activation ta the ¢-T{ blanbet {(iamp
loading ax for 316 §5} 15 mostly .75 minute ¥-52 (2565 MCi), § R minute
Ti-5) (198 MCi) and 1.8 day 5¢-4B (96 MC1). The coolant activstyon fiquros
are for tiquid Tithium ant arsse from impurities {principatly 53, L1, . a0y
¥} daad corrosion productt.

The fission product activity in an LMFBR {5 gistributed arong a larac
array af isotopes; among the volatile ones (comparablc in torme wwnve to
tritium}, tne fodines dominate {5%% MCH in 1.131 through 1-135). Nearly
R percent of the f.itial <. veturad activalion £3 Ma-bd {1h ¥y, Hn-5%

{22 ¥Ci) anc So-58 {38 MCt). The cnolant activation ts 15 haur Ha<2” (10K
MCi} and 2.6 ypar Na-24 (1 MC1}. The initial actintde activity 1% doninited
by 73 minyte U-239 and 2.4 day Np-/ )9 11700 L cacr The tagaeit artimide
Lontributor JU M days is Py-7d1 {18 Wi}

The comper.qeny In fable | arc ,omowhal <1sloftes e favar of finotnn,
by virtue of the negioct of inventrriey of radioactive fucls in parts of the
fuel tytle other Lhan the resctor ftuelf.  The plutunium actyvity 1n an IMFRR
fuel tyiie outside the reactor 1n about 3% peroent of what 1y n the res tor
425 tritign, by conirast, s recycind =ithin the fusrios reactar plant and
the inventory shown 1n Tadle 1 includes the contents of thie interral cycle.

A bedter neasyrt of hazard than radinactivi{y in curley t= the Aiolngical
Hazarn Potentral (BHP', obtained by dividing the inyentar s of an babtope by

£y Misieys Peraissibie (oncentration (MPC) gr Yeromended Tancentration



Gu. tetine and Surminn Over all $3otopes presenl,  Witr MPO e pureey per

cubie mtee @ 310 of water, the cenylting BHP represents the vol. o of aitr

or water thet would be needed o dilute the tnyentory o the quers sib'e lovel

Toble & shows the BiPs, for ilution tr A1F In gnrestricted areaq. . Orresponding

tu the thventories af ssdsoactivity; tn the (HERR 5ng dn T Aebs amf (a3 LTRs,
The HPCL waed RO derive those oumbors Afe thase in forte 1o 17 CRited

States at the eng of 195 (13, when values for soluble and vniolunie forms of

an isotope W ffer, the lower PT - Giving the higher fF .« has been ased here

it widely wied procedore may Jentord (ertatn Larpartaons for arg e, thy

MiCy fae scluble plufonter snd other alphs eatters are gescrally “uch Tower
tran for insuluble fortn, tut these rlieecntt ental 1n reactars as higniy the
s0luble Oaiges, 1Y the, remain th that farr under ads idenl condttions, thea yse

0t the NTY

votor tae wclyble for= v BAP Calculations overstates the antrabation
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Mo 1ate 1o that fart of the erlire-furd ycte’s plutontu= aaventory that
3% stored an the mitrate

The MEC yied to crepute The 838 af Lrotiun gn Table OOty far Teitsated
water (MTQ  ar ']0!. 2 value Tk Tiews dowec Than that @ ¢ Tritige gas {(HY or

T, To Uhe ralen? tHat an, of the Te'd
/

Vryentor)y e satenun Trottun gm
SIIN FRRaIn s wgn Feleate, tre o ure green be Talle D ooeritates the Batard

S ostgeifioant part Bf e tevtngs ol

aved in routine operations Tight wcll be

Tritiyn gan, and the craracteristiy Tire far acnfalior 35 the emytrpmenl da

very long - 1% 44 an the order of daya. ceer tn the pretence of catalints

Targent g adento, on the arher Rard, are sredatis Phaoe omalaten fieee




Inosuch @ case, 1T 13 1ikely thal much of the tritiea releaied would b in
the oaide form,

With the foregoing aweals, one can tonclude tentatively from Table 7
that the relative hasacd represented by the Letttum fhaentory in The comeptual
LIRS ty abOut three urders of magnitude sraller than 1haD reprvaenied by ke
fission produsty in LNFBRS of Inc \ame gracratieg capdcity, ard that the
acttvation products in the CIR: represent 4 volative hajard ore to two orders

of ragnitude soaller than that represented by The actinides in the (MIDE

(Activalion tn the Y-T1 UIR 4y appresdnately ar orier of tagnitude Tets Year

that in 31653 (TR and comma

0 Tu A Tivatigh 1 the LMIBRS
K9dtation tapusuie fro= Coutine Operations

The pDrincipal radtorctive sulntance that wtil be relrased dyring reolibe
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fhe second pathway for tritium escape 33 S3f7uiicn thrcush The aafious
containment-systes boundaries, cventually tu escape In%o The Atr avounl the
plant as KT or qateout HID  This Dithwdy gemmrally hat been reqarded 4t eavier
1o control, and the resuiling eotesions prodicted to te smadler  Approacres
uscd include separaling Fot § inventories froe (ol ohey 2rd Fading rver)
dusign effort to mininize Lhe furmer, surroundieg mT T drcat wis® (old retal
walls, and e=ploying copper, alacinum, ar crrante coatings 4t 00,0 10n terrrery
(3, 17, 18]  the mnst promising was %o olalmige the hut telfiyn (heentory
seecs to be breeding in 4alid Tithius (argourds tr 2 weligrerecled dlaniet
With this approach, iaventories ir Llanket and caGiart (crmbinet, as low 3t
IO4 C'/Gie have deen 33td 1o & putsitle (9],

The tritiun inventory roit difficult 1o redure sreem ot to Be The dnventory
in the breeding oedium, hawever, bul rather the trveitor, assoc1ated wite rec ol
ing Lritium thal has bech tnfecterd 2% fuel byl euiapes from the reacling rejion

withoul burning. The Jower the fraiticne) horhun per pass, The 7ore Leders

this ,reblen.  (Simply the reserve $o gerait (antinured operalion 37 the tycling

psten ‘3r unburned tritium maifunciion: must be anout |4 o 10%f curies pee

fwt-day. where f i3 the fraztional burpup prr pass | & Srittes handling iyates

7
for 3 mireor fuston reactor has bees deyirilied with 3 design taventory of oo 10

Cy/GMe for the entire plant, but no reserve for matfunctions 1 inc luded in that

figure (26).

in addition to relrases from the plant, roaline eapoture of worders inoide
the fusion plant to tritium 1% alsx 3 potential concern.  The occupational MR
for WIO in air 43 5 .4/, and B.5. ERKDA qubordine, a1 for uying Jeveds of
201 MWL 8% design quidelines. It 14 not rlear ahelher this guideline can be
meb in d LIR, f 41 cannot, wnrbing anifty may have to be reatricted to less
than 40 hours per wrek or protective wuits (o prevent abin absorptiun) arg

rasés may nave to be used (2M1}).
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building itself to reduce the neutron dose qutside 1o any desired Jevel, however.
Thus neusiron expoture will be an occupaticnal hazard, but presumably not a public
one.

Magnets for typica) Toksmak reactors would produce fields that extend far
beyond the reactor -- S00 meters to drop to | gauss in UWMAK-1, for exampie (10}.
Prolonged caposure of Jusion workers to magnetic fields of some tens of gauss
is to be eapected and brief exposures to much higher fields are possible. The
physiolagical consequences of prolonged e¢xposure of humans ta strong magnetic
fields are not known. At exposures that will be encountered routinely in fusion,
such effects may be nonexistent or negligible or they may be significant, and
more research on the question is needed (3). At some cxpense, possibly signifi-
cant, the magnetic field intensity aviside the reactor building could be reduced
by means of shielding with magnettc materials or partial cancellation with addi-
tional magnets arranged for this purpose.

Acgidents

The risk from accidents av nuclear facilities {5 the tntegral or sum, over
all possible accidents, of the probability of occurence times the conseguences
of these accidents., As the debate over fission power has shown, significant
uncertsinties and even controversies atlent cvery step uf the assessment of
this risk: the identification of the possitle accidents, the estimation of
their probabilities, and the evaluation of the potentia) damages. Since thmere
is no operating enparience mor even a firm engineering design for fusion power
plants, the difficulty of accident analysis {s cven greater than is the case
for fissfon. At most one can identify some potential probiem arcas, estimate
very roughly the consequences of hypothetical events. and make some crude

comparisons with fizs on,
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Relevant to the identification of possible accidents and assessment of
their probabilities are the amounts of stored encrqy in various parts of
fusion reactar Syslems and the oathwavs potentially available for the relcase
of suck energy.

The omounts of cnergy stored in a Toksmak reactor based on recent con-
ceptual designs sre surmarized in Yoble 3.

Rapid release of the nuclear energy repseseated by the fuel contained in
the plasm at any given ti~e scems caceedingly unlikely on the basis of present
knowledge of plasma behavior. It is conceivable that malfunctions could produce
4 temparary incresse in reaction rate by virtue of increased temperatuse or
magnetic field, but the deliceta balance of conditions required for plasma con-
tainment means that the end result of any departures from normal operating cor-
ditions would be rapid gquenching of the reaction due to loss of plasma to tne
wylls. 1f somehow the entire quantity of fuel in the plasms did react, the
lgss than hundred gigajoules cvolved would raise the blankel temperature only
sbout 100°C (6).

The kinetic energy of the hot plasma 15 about two orders of maanitude

smaller than the potentisl nuclear onergy. 1f an instability were to cause
ihe entire hot plasma to be deposited on a small section of the vacuum wall,
4 lacal burn-through could result (3, 6). Such on event would naturally be
disruplive amd cxpensive for the operaters of the reactor. but 3t could only
produce serigus eaternal conscquences 3f it led te & major lithium fire, as
discussed below.

& very substantial auantitv of enerav. hundreds of zicajoules. is stared
in the superconducting magnets that confine the fusion plasma. Contern )%
sometimes expressed that the sudden release of this energy owing to a magnet
transition from the superconducting to the normal state would represent an

inpartant aut1dent pithway for fusion reactors, and considerable amalysis of



the question has been done. It seems a relatively straightforward matter,
however, to design magnets incarparaiing normal conductors s alternéte
current paths, along with agequate energy sinks for the associated joule
heating, in such a way that an explosive entrgy relcase from a magnet "yoing
normal” §s preciuded (21},

It wil) rema’n true, of course, tnat large superconducting magnets in

operatian are subject to very large forces lan the order of 105 tans),

ihat catastrophic struttural failure perhaps cannot he entirely ruled out.

Such 3 fallure could proguce energrtic miastles, ratsing the posatbility of
severe danage ta other reactor components. penetralion of contaroment ~tructures,
snd initdation of Pithium fives.

Energetic missiles. with these semc possible consequences. cculd also be
produced by sudden vacuum-system tailure, by helium overpressure 10 the magnet
covling system, by “external™ events suCh as earthguakes, tornados, adriraft
impact and sabotage, and of course by combinations nf these pathways

An important accident pathway for all auclear systems §$ lnet 5f (ug'nt
- loss of coolant flow. Calcuiations made for the UWMAK [ Tobamak concentua!
design indicate that complete loss of coolant flow during thermonuc lear burn,
accompanied by failure td shut down the fusion resction, would couse the first
wall to reach a temperature of 800% In aboutl 10 pconds: embrittlement from
formation of helium bubbles in the netal. which nucurs around 6507C. could
then lead to failure of the wall, release of lithium into the vacuusn chamber,
and cgnsequent quenching of the fusion reaction {1, 1N). | ike <o many other
fusion accident pathways considered here, this one would be disruptive and
eapensive, bul not catastrophic unless secondary eyentls produted a major Tlee
srd/or breach of containment.

Loss af the coclant itsnlf (as opposed o mere 1oss of flowl, as cuutd

occur awing to pipe breaks, would produce the wame resuit as loss of ¢low
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somewhal more rapidly. aga'n ascuming Lthat N *usipn reaction were ol 1Temed)-
stely shut down. 1f, ga the othcr Aand, the reastion iy shut down, the tongern
becomes the radioactive afterheat that results from a tivation products in the
first wall. The initial afierhcat power densitios in the first wall gt shutdown
fall 1n the range of 06 Lo 1« -.,'cm3 for the matn alternative structural raterials
(22). ond the tmitial adiabatse terperature rise I1n g Tobamak syster has been
caleulated ta be an the order of 0.1°C/sec (10). Thuse values are more than an
order of magnitude lower than the corresponding figures for fission fue), and
they suygest that heat reeoval by radsating, conductinn and atusal fonves tion
wtil suffice to prevent melifting of the wall

The argest tource of wlured onergy in fus1an reactor destans relying gn
Tiquid litatam for cooling und breeding of tritium s the themical ehergy
reiresented by the Tithigm atseif, ang for such reactors a hithium fire -
ancther 1mytigted by 1nternal or externa! events -- may well represent the
“maaimum hypothrlical accident”. Lithium reatts vigoroudly and eawnthermically
LOth wilh Atr and with water: Vibe sofium, i1 reacts 8100 with conitete (actually,
with thi water jibergted from concrete by endothermic Jdehydration'  Althougn
the kinetirs of thesr regctions are not well estabbished eaperimentally, caloula-
tea maxtmum tlame temperatures for both the Ttthium-air and Tithiur-com "ete
Feattions ar~ 10 the range of 800 to 800 (22). These temprratures are
beluw the melting peints of rofrgctory metalt, <uch as niohiur and "3 {trlanium-
2ircottan molybdenum}, that might be wsed 1n fucion reattor sivuctures, but
above the melting points of vther potential strictural materials sah as series
300 statrless steels.  The refractary metale. although they would nol melt,
could B rather raptdly consuard ot such temperatuces iy farmatian and yolatili.
ration of theve oandes (). The high terperatures and large enerqy releases
poteotially asnociated with Lithium fires therefore puse the two-edged possibility

of {a) brearhing miltiple tunlatnment barriers belwren the resctor core and the
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pubiic and (b) augmenting the volatile tritium inventory that could escape
through such breaks by converting activation products and touic nonradiootUive
metals to volatile form.

The value of increasingly detailed safety snalyses at the carly stages
af design, of course, is that the designs can then evolve o Lope with the
wost serious accident pathwiys that are identified. The apparent flexibility
of fusion in this respect i< considerable. especially siure passive systems
seem capable of handling most if not a1l of the stored energy sowrces. The
use of ligutd Tithium as @ coolant and breeding medtum for tritium, which
produces the largest stored-unergy threat in mary Tusion reactor destgns,
has of course been questioned. ULnforturately. the alternatives are not without
their own difficulties. Use of helium as a coolant ta conjunction with breed.
ing in Tithium solids, for esample. virtually requires the use of her,Pliue as
a neutron multiplier; this material is extremely toeic, thus producing addi-
tional threats to occupational and public health, and 12 14 scatce and expensive.
Use of flourine-lithium-berylltu= molten salt {(Fltbe] av an alternatiue coniant
and breeding material, on the sthar hand, Teade to materials.compatibrlity
problems and to the production of o particulurly danjerous fore uf netroflourtc
acid (wherein the hydrogen 1s tritfum and the flourtae s o-hour kalf H1fe
flourine-18). Clearly, much additiona) work mill b required to determine
how much the apparent flexibilyty of fusion with respect to coolant and Greed-
ing media can actually be eaploited to manimize safety.

Notwithstanding the passibility of making the froquenty of aduidents very
Tow, it is wmportant to understard the consequences that tould wicur 1A the
most severe events (including acts of war, sabotade. saturg? disasters, and

accidents that eaceed the design vapabiitties of lthe sy.tes, 2y an imtal

step in such @ "worst-case” sralysis, ! have uned pasentisli, the onsegurence

model of the Reactor Safety Study {MSS) of the .4 uclear dequbatar, Crembunton
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(23] to estimate the “Crrtdeal duse” ta bone farrom fesulting from

a release of W curien of teitiuc ostde under sdverse meteorologital conditions
The critical dose, as the concep? §s used tn the RS, means 411 the dose recetved
in the first e1ght days and ralf the dose received from the ¢1ghth through the

thirticth da 1013 said Lo e the most eelevant figure for ontsmating the

incidence of early fatalities and, to .o eatent, carly inguries.  Cne hundred
megacuries repeesents 40 gercent of the tritiun tnventory considered (n Table ¢
Whether the release of so large o quantity of tritium ot one Lirw, und all a%
the worde, tv o atuslly tredible 14 debatable, but 11 provides 8 bosiy Tor conpars
ison with caleulated frasfon-reactor acetdents releasting o similar gercentage

af many of the fis410n produits.  Figure | shows the critical dowe Lo bt MaCrow

H
plotted versuy arca over which a given dove 1o vacceded for tae 100 () W10 release

and for the fis41on-reactor sedent dennte? PUK-1 on the BLS (PaRe1 reledses
A0 peecent of The cestaly, b ntiurs s gnd telluragne, T seecent 0f the tadiney,

Hopereent uf the noble qanet. Y pereent of the atruntiems and bariurs, | and

2.5 peroent of the actinides 1A a1 GKe LWR with core burnug dveraqing 17 600

¥ud per melric ton Tre ware ey and gonurptior. were gyed 0 calcalating

an plote tndel 4l dn @R, mith e lding wabe effeUT ut

poth (g

N e

therral plume rise, groundslevel releane, Fawui!l 8 ogtemapneric sfabtlity witn

1.0 m/y rean wind, dry gegosttion ye'ooit, of T omfs. AL ran ta nean troc

e fevnen releane deligees tre g 40 W s pem dependieg

On AvLuRt1uny about eate o mediral vave, Over ogn ares 0f rnaghly 1w

¢patation densite nt ) cenant

nun reled

Seathe 1n the

hewe resully Lorrespons sery roughly to the order of 1000 pard,

finnton releree and U eaely deattn e tre foon releate D0 aiew ot the ran.

AP ey 3000 Dlague 4t Tas coat o bate araclele atters o egny ot

"nothe

narty ot

ittt these r

Felative 6o ter 2ttt abeat 190 ik Yaaer of
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A few further qualtfications are fn order. First, relesse af 1% percent
of the actinides in the fission-reactor accidents constdered 10 RAS nade a very
small fractional contribution to the cvlculated early fatalitiot but 4 lorae
fractional contribution to calculated long-term cancer tncidence (S3, Ch. §3).
This resclt suggests that coparison of long-term casualties from "rcvion end
fusiun eceleases (which [ have not yet done), might shaw a Targer idvantaqe to
fusion than the factor of 100 computed here for early fatalities.  Second, the
release fractions used in the present comparison could be unrralictic an tevere)
ways. Tritium inventories {n fusion redctors might te reduced by - lever denogns,
reducing the conceivable concequences of a worst-case reledse.  But, (f any
significant fraction of fusion activation products could be released 1 oan gt
dent, the calculated consequences could be worse than given here for tritiur alone
{This is reasonably clear from the BHPs in “able 2.) If actinide releases in (MIBR
accidents could be graater than the RSS assumed for LWRS, thiu, too, could rhange
the comparison. Tnese matters need further Snve " ‘oation,
Radioactive Wastes

The preserce of activatian products of long half-life means that fusior
will not be entirely free of the problem of radiuvaclive-waste management, with
which the fission power community has long been struggling.  The major advantanes
that have been clatmed for fusion with respect to radicactive wastes are:  (a)
the flexibility to tailor the design and the choice of <tructural material
exposed %o neutrons with Lhe adm of minimzing production nf Sony-Yierd avtiva-
tion products (to be contrasted with the cast of fission, where the o¢ie ang
character of the waste burden {5 lorgely determined by tue unthangeable physics
of the fission process itself), and {b) the inmobilizat.on of the acttvated
raterial in the solid structere of components made of refractory (lloys (reduc-

ing tae chance of escape into the enviranment). It is possible, nowever, *at
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flemass 11ty tn matertals cnotces mtdl growe vilesory cat Trant far ore Time
Lo comels 11 prodless witk neutron damaqe, Jose 0f sternatt st nigh temper. -
tures, fabricability, weldabality, and so or are nct oleed for the luw-acts-
vation raterials whetfer attivation products 10 fauton reactar stru tores
w1V prove tess rotnde than £1300n prodults that »ave Teen priadded for a0
poval 1 a4 ceramic ratric remaing to be vertfied an detarl. Tere scem 1o be
signifreant uncertatnties o both vasey o for actieated futtor structures that
90 ROL Rave D BR reprolesaed DD EeEr et suarie mateaals ip be centranted
wilh Fiva1an brecders, whous e oRorte v Iatit iy reg ey fuel eeprecstingi,

the wratler aced to nangle the radiusctive mater sl wiil e an advantage
Taole & shaws the BrPy with refercfoe 14 roeases U sater €or radioactive
mastesy from o Tobamas fusion reactor and an U BR, nottalized to | oke- = of

electricity production The main vtruw tural caterig! on the fusion reattor 1%

i statnbess steel, Ho creadt 3s takan tn the (ML for recy ling of aclinides
pther than urantum and plutonium.  Fusion has an advznlagr 1n this comparison
that varirs betwern ) and | orders of magnitade dursng the span of [ime aut

to 100 Belween 1000 saa 10,000 grars fus1on and fisstan da not differ

signtficantly, but after ia0000 years fUs10n’S mar ' ancreases again, 3o
vanadium-trianium alloy can be used in place of Mt wtarnless steel an the
fuston reactor, one qainy an widitional ta tor of 10O reduetion in the BHP
Gy 20 years, and by 100 years the material 1o inancyous (1ess radioactive than
average rock).  This advantaye of Vo531 an decay Tire b o big that it ryst be
wonsidered gualitative, and ro other Jod-activation oabdate material Toses
Ha harard as rapidly  Whether VT can meet the ather demanding requirements

of tusign application therefare denerves the clovest «orqtiny,
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Misuse of ruclear materials

The advent of comercial fission power and Lhe associated 1.cre e (both
real and forecasted) in accessibility of plutenium and enriched uranium has
engendered considerable concern about the posrsible misuse of these materials
as wreapons. To understand whether fusion power will have any analogous liabil-
ities, it s important to clarify several aspacts of the gencral threat by
distinguishing {a) production of weapons by governments versus production by
subnationai groups, and {b} explosive weapons versus radicglugical weapens.

Lack of suitable fissile naterials and the difficulty ot getting them
have been major factors in lwmiting the internationst spread uf fuigaion boabs
the knowledge of now to produce a fission bhomb once the material 1s 1n hand hae
been more accessible than the material itself {25), and this meuns that the
spread of material {or the technology for getting it} as o vonsrquence of the
spread of fission power has changed the situation in o qualitslive way. Hut
fusion bombs are more difficult to construct Lhan are €ission bombe, Su much
s0 that ob.dining the fuston fuels {say. tritium) 15, relative to the fission
case, only a small part af the task {Z}. Hence the spread of tritium by tusion
power presumably does not contribute much to the spread of fusion hombe.
There s a cross-comnection between fusion and fission. howewer: che neutrons
produced by fusion reactors rguld be used to produte fissile material for fiusion
bombs. This cannot be done without the consent &hd exténsive (hoperatton of the
operators of the fusion rezctor, so 1% is a provlem at ¢t & level of undestrable
activity by governments or very large corporations, not smailer yrous

Tritium could be used as 4 radiological wedpor Dy terroristy ar dgangutersy

who acquired it, just as plutonium from fission fuel cvcley could br used.



Sume ot the data reyulred 1o assess the rulative magnt udes uf thess ‘hreats
are vummarized e table 9. The MPCy vor plutemiem 1solopes o nuch Qe
than thet of Lritiun {meesured as €1/n'], tut the specific av.ivity of triGum
(Ci/yram) is mucn migher than for plutorium.  The resull 1y that the Buby
assoviated with the inveatory per Lle or 'low per GWe grouf tritiom ong
reacior-yrade Llutonium work out oy follow,  tritium s less dehgerous, then
plutonium by J to % wrders of magnitude witn respect to contaminaticn of air,

but the twa sre approximately cqual #otn respect to contamination uf water,

Some degree of conuensus apprars 10 be eferging that the HPes for plutonsum
are too K1gh by A factar of S te B {n o relattee qense, the comporivan

Bels ) 1N this tase witth radiumy /0], and tivere 14 Some reason to think the
HMPLs for tritium moy be tou Jow By fantors w0 to & faee drteuwition sbuye

Incorporatoon of uch sorrection Pactors, 1! they are vaitdated, evuld (henge

The forrquing comurisun Lo ke feitius |

W lengereus than §lutaftun by unge
order of mageiiude wilR Tenpect fa cuntaringteon of aates and tooglee tratige
wmoadvantage of 3ot ordery of Cagnitude witn respedt to centatination of air.

In terms of putentsal access to *re salerig! Le malefactors, funaon an

Gdvanbage becgudy THERE 1h a0 heed Te Trarspurt Tratiur beyons thyt resled

tor 1mtial Ynvenluries uf Yew seas tar,
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Fusion reactions other than D-7 require higher reactant whergres, and
betier confinement to achicve vnergy breakeven. 1§ advanied technolony permits
attainment of the needrt catlitions, these care dLflCult reactivng could affer

. : o
impartant, environmental advantages. Of the advanced reactiont finciding Sty

1

D-D, D-He®, and H-5'1). the Teast difficalt 1o D-U. The D01 reaction «han

{which tacludes D-T and (J-Nuj reactions an the T oand l1n‘ Fradaced At reartian

products of 0-N) produces fewsr and less energetic neatrons than par
although the neutron activation does not faldl as wuen g ane Tight oy pect =

by 15 to 75 percent, depending on the <truclyral =atectal (7,0 Beehg, s the
jreatest advantage of the D-00 ¢vele 14 that ft would romgye the neceonity 1o

use neutrons to breed tritium from Ditkium.  Thit means that the (omplecity

of the equipment surrounding the nlasma cauld be ¢ ansiderably reduted, ang the
array of cardidate materials for use there would be hrgadened by relasation of
the neutron-economy Constraints present when tritium myst be hred Tre total
tritdum tnventory ‘n the reaclor tould be redured telow that in . reactars

by a factor of perhaps 3 to 10 (28). Qther 4 accuy reactions have the pantential
for greater reductions in neutron activatis . and tritium tnventory, particodarly
in "two-component” systems where the rates of the ncutegn-free redction. an

be enhanced by tailoring the energy distributions of the different reastants.

it is problematical whether confinement terunology will ever be qoud eoounh

to moke these reactions praclical, howeyer.
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Much of the informatior upon which this analysis i~ based was assembled as
part of a workshop on environmental characteristics of fission and fusion
carried out in 31975 and 1976 under the auspices of the [nternational Institute
for Applied Systems Analysis. The principal participants included the author,
G. L. Kulcinski (University of Wisconsin), G. Kessler {Kernforschungszentrum
Karlsruhe), and W. Haefele (I.1.A.S.A.). The complete output of this work-
shop, including some contributions by Soviet scientists noc available at this
writing, will be published as an 1.1.A.S.A. report. The responsibility for
tne oresent formulation is the author's.
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Tavle 1

Radigactive Inventories of Fission and fusion Reactors
Megacuries per GWe (2.5 GWt) versus time after shutdown

LMFBR 31658 V-Tt
Fission Fusion Fusion

at_shutdown

fission products/tritium 1,200 250 250

structural activation 100 2700 3100

coolant activation® 110 as® 5

actinides 4000 - -
10" ser {277 h) sfter shutdomn

fission products/tritivm 5,200 250 250

structural activation a3 1500 150

coolant activation a6 <60 <60°

actinides 1800 - --
1 day ayter. shutdown

fission producte/tritium 2,900 250 250

structural activatien 70 1200 130

coolant activation 7 <5oP <50°

actinides 1400 -~ --
30 days after shutdown

fission products/tritivn 920 250 256

structural activation 53 HGO "

coolant activation ! <a® P

actinides 70 .- .-

Mssumes poc)-tvpe LMFBR and liquid L1 coolant in CTR. Loop-type LMFBR has 4-fold
smaller coolant activation. Helium cooled CTR has negligible conlant activation
1 sec after shutdown,

petailed calculations for fusion coclant activation not complete.

Source: 1JASA Workshop {see Note 1).



Table 2

» Compartson of Biological Hazard Patentials with fefercnce to
Accidental Rgleasas to Afr. Milllon cubic kilameters of air
per GWe {2.5 GHt} versus time after shutdown.

LMFBR 31658 v-Ti
tigsion Fusion Fusion
at_shutdomm
FP/tritiun »2900% 1.25 1.25
structural activation 54 390 [1:)
coolant activation 26 NA i)
actinides 13,500 R -~
10t sec {2.77 h} after shutdown
FP/tritium 2700 1.25 1.25
structural activation 55 380 45
caolant activation 24 NA NA
actinides 13,400 .- ==
1 day after shutdown
’ FP/tritivm 2300 1.25 V.85
i structural activation 54 30 kg
E cootant activation 12 KA KA
actinides 13,300 - --
30 dayy after shutdown
FP/trittum 1100 1.25 1.25
structural activation 47 200 15
ctoglent activation 5 NR HA
actinides 13,200 - =

NA = apt available
235 Ysotopes (omits much shart haif-life activity)

Suurce: FIASA Workshop



Table 3

) Eneray Sn a ) SWe Tokg
(1 significant figure]

Enerzy Form

Chemical energy in liquid Tithium
Magnetic field energy

Complete fusion of fuel in plasma
Pressure-volume work in vacuum

Kinetic energy in plasma

Spurces: 6,10

on Reactor

Gigeloules
60,000
300
70

20

"



“lb-

Table 4

Biological Hazard Potentials of Long-Lived Wastes
with Reference to Releases to Water. Cubic kilometers
of water per GWe-yr versus time after shutdown.

Fusion LMFBR
3165S fission LMFBR
activation Ea—rﬂiti ?Ma_
1 year 1400 10,000 100
10 years 49 3600, 28
30 years 9.0 2100, 24
100 years 2.7 330. 20
1000 years 1.1 0.020 4.7
10000 years 0.9 0.018 0.5%2

312 of plutonium and uranium and 100% uf other actinides from discharged fvel

Source: 11ASA Workshop
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Table 5. Radiological Mazardg of Plutonium and Tritium (Quantities

normalized where appropriate to 1 GHe of capacity)

Inventory outside dianket {kg} 900 25
Annual flow autside reactor kgl 1500 322
W, (Cifkm’}
atr 239
-~inseluble Pu, HT or 12 gas 0.0 40.000
_~solunle 2P0y, HTO vapor 0.G0006 200
8HP ‘,I(m3 2f air) per gram of:
—-pure 2%y, elementat 1 63 to 1000 0.25
.-reactor PP, T 1n HTO 300 to 5000 50
BHP/GHe-yr* (\06 K3 of air par year)
--best case? a50 0.008
--worst case® 7500 1.6
are/owe’ (105 1n® of air)
~-best case’ 270 0.006
--warst case® 4500 1.25
Mpcwater (l:‘/‘f,m3 for soluble forms) 5000 3,000,000
BHF {n” of water) per gram of:
--pure 23 Pu {n solutle compound 12,500
--reactor Pu in soluble compound 62,500
--pure T {n HTO 3,300,000
BHP/GRe-yr™ (I(m3 of water per year} 94 1o
aup/CHe| (kn® of water) 56 83
a. At hreeding ratio = 1.25.
b. ‘ontains Pu-238,239,240,241,242,
c. Based on flow outside reactor.
d. Reactor-grade Pu dispersed in insoluble form, tritium dispersed as T gas.
e. Reactor-grade Pu dispersed in soluble form, tritium dispersed as W10 vapor,
f. Based 7n invenlories outside blankets,
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figure 1

CRITICAL DOSE TO BONE MARRCW VS AREA FOR
HYPOTHETICAL FISSION AND FUSION ACCIDENTS &)
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